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Shape of cells and intercellular channels in rabbit thick ascend-
ing limb of Henle. Electron micrographs of cortical thick ascend-
ing limb of Henle (TALH) were studied using morphometric tech-
niques. The apical cell surface and the tubule basement membrane
have identical areas of 0.8>< 105,a2/mm of tubule length in a typical
tubule (I.D. = l5r, O.D. = 25p). The total area of lateral cell walls
bordering intercellular channels is 7.9 >< 105g2/mm of typical
tubule, and the ratio of apical cell surface to lateral surface is 0.10
0.01. When the photographed tubule wall was divided into five
concentric zones of equal thickness, the lateral wall areas per zone
were found to increase more rapidly than exponential, from 0.63 x
10°jz2/mm in that zone nearest the lumen to 3.6 x l0r'Imm in that
zone adjacent to basement membrane. From these data and the
estimated number of cells per mm of tubule length (764 cells), the
circumferences of individual cells could be calculated for each
zone, and a quantitative three-dimensional cell model could be
constructed. The shape of intercellular channels is similar to that
of the space between concentric, truncated, and pleated horns.
TALH cells are compared to previously described cells of rabbit
proximal convoluted and straight tubules.
Morphologie des cellules et des eanaux interceliulaires dans Ia
brauche ascendante large de l'anse de Henle du lapin. Les images
de microscopie électronique de Ia branche large ascendante de
l'anse de Henle (TALH) ont été étudiées a l'aide de techniques
morphomdtriques. La surface apicalc de Ia cellule et Ia membrane
basale tubulaire ont la même surface, de 0,8 x l0r2/mm de
longueur tubulaire d'un tubule typique de lSg de diamétre internc
et 25t de diamétre externe. La surface totale de Ia paroi cellulairc
laterale est de 7,9 x l0r°/mm de tubule typique et le rapport de Ia
surface apicale a Ia surface latérale est de 0,10 0,01. Quand le
tubule photographié est découpé en cinq zones concentriques
d'épalsseurs égales, la surface des parois latdrales de chaque zone
augmente plus rapidement qu'une exponentielle de 0,63 >< 1O5g2/
mm pour la zone la plus proche de la lumière a 3,6 x 10'jr2/mm
pour Ia zone adjacente de Ia membrane basale. A partir des ces
résultats et de l'évaluation du nombre des cellules par mm de
longueur tubulaire (764 cellules), Ia circonférence de chaque eel-
lule a été calculée dans chaque zone et un modéle cellulaire
quantitatifà 3 dimensions a pu être construit. La forme des canaux
intercellulaires est semblable a celle limitée par l'cspace compris
entre des comes concentriqucs, tronquées et plissees. Les cellules
du TALH sont comparées a celles, antérieurement decrites, des
tubes contournés et droits du lapin.
The quantitative, three-dimensional shape of indi-
vidual cells and intercellular channels of rabbit proxi-
mal convoluted and straight renal tubules recently
has been reported from this laboratory [1, 21. To
provide similar information for another functionally
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important segment of the rabbit nephron, we now
report cellular dimensions obtained by morphome-
tric analysis of the isolated, perfused, thick ascend-
ing limb of Henle.
Methods
Tissue preparation. Female, New Zealand white
rabbits, weighing 1 to 2 kg, had free access to food
and water prior to anesthesia with sodium pentobar-
bital (65 mg/kg, i.v.). Segments of thick ascending
limb of Henle (TALH) were dissected from the corti-
cal region of thin kidney slices and were perfused in
vitro, as described previously [3]. The dissecting
medium (10°C) and bathing medium (37°C) were a
modified Ringer's solution containing 5% rabbit ser-
um and equilibrated with 95% oxygen and 5% carbon
dioxide. Tubules were perfused at an applied trans-
mural hydrostatic pressure of 10 cm of water and
were occluded distally [1, 2]. After 10 mm, those
tubules judged to be normal in appearance, relative
to previously published examples [3], were photo-
graphed at x 600 magnification for later measurement
of outer tubule diameter (O.D.) and inner tubule
diameter (I.D.). The Ringer's bathing medium then
was exchanged rapidly for a solution of 1% glutaral-
dehyde in Ringer's (37°C, 420 5 mOsm). Following
7 to 10 mm of fixation in situ, the tubule was
removed from the pipets, transferred to a large vol-
ume of 1% glutaraldehyde for an additional 2 hr, and
stored in sucrose-phosphate buffer. Tissue subse-
quently was washed in buffer, post-fixed in 2%
osmium tetroxide, dehydrated in graded alcohols,
and embedded in epoxy resin (Epon) for ultrathin
sectioning (LKB). Multiple transverse and oblique
sections were obtained from several points along the
length of the tubule, stained with uranyl acetate and
lead citrate, and mounted on 200-mesh grids for
viewing in an electron microscope (Phillips 300).
Morphometric analysis. Electron micrographs of
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tubule sections were taken at x8,250 and enlarged
photographically to a final magnification of x20,625.
Care was taken to distinguish the abundant endo-
plasmic reticulum in this epithelium from the lateral
intercellular channels, and the latter were made more
prominent with thin lines of black ink drawn on the
photograph. The tubule wall then was divided by
other thin ink lines into five zones of equal thickness,
each zone representing 20% of cell height from base-
ment membrane to apical surface exclusive of brush
border microvilli. That cellular zone nearest the
lumen was designated Z1, that zone adjacent to base-
ment membrane Z5, and the sum of all zones, i.e.,
the total cell height, ZT.
The morphometric procedures employed here
have been described in detail in previous publica-
tions [1, 2]. Briefly, a transparent overlay marked
with a grid pattern of parallel and perpendicular lines
was attached to each tubule photograph. Grid lines
were separated by a distance (D) = 2.54 mm. From
the final magnification (M) of the photographic print,
the length (L) of all grid lines traversing the tubule
image, and the number of intersections (C) between
grid lines and the structures of interest, the photo-
graphed length (ITCDI2) of apical cell membrane and
basement membrane and the surface area of lateral
cell walls per unit cell volume (surface concentra-
tion, S) could be calculated. The surface of the
occasional brush border microvilli was included with
that of the apical cell surface. Line length (L) was
calculated from the area (A) of the photographed
tubule by using the equation L = AID. To measure
the area of the entire tubule wall and of each zone the
total cell height was measured at 20 to 30 equally
spaced points on the electron micrograph. Average
cell height then was divided by 5 and multipled by
the directly measured, average circumference of
each zone, i.e., by the length of each zone as mea-
sured parallel to the basement membrane and at a
point midway through the height of the zone. In
practice, S, in units of of lateral cell surface area
per of epithelial volume was calculated using the
equation S, = CMI25OL, where C is the number of
grid intersections with lateral intercellular channels
and where each intercellular channel is considered to
represent the lateral walls of two adjacent cells. By
counting separately the number of intersections
between grid lines and intercellular channels in each
of the five cellular zones, the lateral wall S, could be
obtained for each zone.
Because the accuracy of the morphometric analy-
ses depends on the random orientation of the struc-
ture to be measured and has a standard error equal to
the square root of the number of intersections count-
ed, the test grid was placed at 0°, 22.5°, and 450
relative to an arbitrary tangent to the basement mem-
brane. Surface lengths and S, calculations were
based on the total number of intersections in all three
grid orientations.
Basal cell surface and basal slit areas. The basal
surface of the cells is delineated by a plasma mem-
brane lying parallel to and generally in contact with
the basement membrane. At the antiluminal end of
intercellular channels (basal slits), the basal cell
membrane is reflected radially to become lateral cell
walls. The area of basal cell surface thus is approxi-
mately equal to the basement membrane area minus
the area of basal slits. The length of basement mem-
brane in each photograph was calculated from the
counted number of intersections between the grid
lines and the inner surface of the basement mem-
brane. A stero microscope with a micrometer eye-
piece was used to measure the width of individual
basal slits directly from the photographs. The ratio of
basal slit area to basement membrane area is approx-
imately equal to the ratio of the sum of all basal slit
widths to the length of basement membrane.
Data were evaluated by Student's t test and are
expressed as mean SEM. P values less than 0.05
are considered to be significant.
Results
Nine segments of thick ascending limb were
obtained from nine rabbits. During the initial perfu-
sion the O.D. of those tubules was 23.9 l.4fL, the
I.D. was 14.8 1.8k, and the length was 0.4 to 1.0
mm. Three to five electron micrographs from each
tubule were examined. While many of the photo-
graphed tubule sections were circular, a moderate
number were elliptical or appeared as straight epithe-
hal sheets. The tissue sections thus represented a
range of transverse to longitudinal sections of the
tubules and further assured the random orientation
of stirface strutures in the morphometric analyses.
Except for curvature, there were no consistent dif-
ferences in cell morphology in the various sections.
The cells therefore may be assumed to be symmetric
in planes parallel to the length and circumference of
the tubules. Most cells appeared to be moderately
interdigitated with their neighbors and to have only
small numbers of brush border microvilli. Although
cellular details did vary somewhat, even within the
same photograph, two distinct populations of cells
were not identified. The overall pattern was similar
to that described for rat TALH near the cortical-
medullary junction [4]. A portion of a typical tubule
section is shown in Figure 1.
Relative areas of apical cell surface and basement
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Fig. 1. Portion of typical transverse section of rabbit thick ascending limb of Hen/c (magnjfication, x35,000).
membrane. When the ends of a photographed tubule
were cut perpendicular to the basement membrane,
the number of intersections between grid lines and
apical cell surface was not appreciably different from
that between grid lines and basement membrane. In
33 photographs from 9 tubules, the mean number of
intersections with apical surface and basement mem-
brane was 978 and I ,008, respectively, and the ratio
of apical surface length to basement membrane
length was 0.98 0.04 (range, 0.66 to 1.55). In an
average tubule, the apical cell surface area thus may
be considered to be equal to the basement membrane
surface area.
Relative areas of basal cell surface and basal slits.
Total basal slit width, measured directly from a pho-
tograph, was divided by the morphometrically mea-
sured basement membrane length in that photo-
graph. For 33 photographs from 9 tubules, that ratio
was 0.06 0.01 (range, 0.03 to 0.11). Therefore, in
the average tubule, the total basal slit area is approxi-
mately 6%, and the total basal cell surface area is
approximately 94% of basement membrane area.
Swjbce concentrations and areas of lateral cell
walls. The calculated S of lateral cell wall in each of
the S cellular zones are shown in Table 1. For each
zone of each tubule, the S, are reported as mean
SEM for the number (N) of photographs examined.
Differences between the mean values for Z3, Z4, and
Z5 of all tubules (bottom line) are statistically
significant.
To calculate the surface area of lateral cell walls in
an average TALH, it is convenient to consider all
TALH to have approximately the dimensions mea-
sured during the initial in vitro perfusion (O.D. =
2511, I.D. = iSis) and to have an arbitrary length of 1
mm. In that case, each cellular zone has a volume as
shown in Table 2. That volume multiplied by the S
for that zone (Table 1) then gives the lateral cell wall
area/mm/zone. To appreciate the magnitude of the
lateral wall surface areas listed in Table 2, it should
be noted that both the apical cell surface area and the
basement membrane area are 0.79 x lO5tst/mm when
tubule O.D. is 25js and when the ratio of apical to
basement membrane length is unity. Total lateral
wall surface area thus is 10 times larger than that of
the apical surface and basement membrane. In the
nine tubules studied, the ratio of apical surface area
to lateral wall area is 0.10 0.01.
Discussion
The complex shape of the lateral cell surface th
TALH allows the area of those surfaces to be some
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Table 1. Surface concentration of lateral cell wallsa
Exp. Nb
no.
Z
p.2/p.3
4
z/,j3
4
/L2/3
4
2/3
42/3 Z12/3
102 (4)
105 (3)
106 (4)
107 (3)
108 (3)
109 (5)
110 (3)
112 (4)
113 (4)
0.56 0.16
1.29 0.06
0.79 0.17
0.74 0.25
1.46 0.57
2.05 0.11
1.91 0.29
2.19 0.52
1.06 0.37
0.64 0.25
0.92 0.19
0.84 0.17
1.24 0.03
1.51 0.43
2.76 0.36
1.03 0.31
2.50 0.28
0.97 0.17
1.48 0.62
1.21 0.31
1.33 0.39
1.97 0.22
2.07 0.55
3.51 0.23
1.22 0.40
2.91 0.60
1.65 0.33
3.10 0.60
2.56 0.53
1.84 0.56
2.34 0.80
3.21 0.52
4.31 0.19
2.34 0.81
3.43 0.35
3.00 0.47
6.07 0.82
3.60 0.53
3.06 0.38
4.57 0.13
6.23 0.45
5.76 0.27
4.79 0.60
5.51 0.60
3.36 0.08
2.55 0.43
1.98 0.31
1.62 0.28
2.34 0.05
2.94 0.48
3.86 0.16
2.26 0.49
3.01 0.30
2.06 0.25
Mean SEM 1.26 0.19 1.38 0.25 1.93 0.27 2.91 0.24 4.77 0.40 2.51 0.22
a 1 is that cellular zone nearest the lumen; 4 is that zone adjacent to basement membrane; and Z is the sum of all zones, i.e., the total
cell height.
N is the number of photographs examined per tubule.
Table 2. Lateral cell wall areas and cell circumference
Zone
Volume/mm'
3Xl05
Lateral area/mm
2xl05
Cell circumferenc&'
,
1 0.503 0.63 0.10 82.8 12.4
2 0.565 0.78 0.14 102.2 18.4
3 0.628 1.21 0.17 158.5 22.0
4 0.691 2.01 0.17 254.7 22.7
5 0.754 3.60 0.30 470.9 39.7
Total 3.142 7.90± 0.70 —
a Calculations were based on standard tubule: 0.D. = 25r, I.D.
= l5.
b Calculations were based on 764 cells/mm of tubule length.
tenfold larger than the areas of the apical cell surface,
basal cell surface, and tubule basement membrane.
On the other hand, the relatively simple apical cell
surface is only slightly larger than that of a smooth
cylinder of average luminal diameter. If one now
makes certain assumptions regarding the overall
shape of TALH cells, it is possible to use the availa-
ble data to obtain quantitative estimates of other cell
dimensions and to construct a reasonable and quanti-
tatively accurate three-dimensional model of an
average individual cell from rabbit TALH.
Cell dimensions. Several authors have depicted
cells of the proximal renal tubule as stellate forms
with numerous lateral processes extending radially
from apex to base [4—71. Each lateral process is
oriented perpendicular to the basement membrane
and is shown to have smooth surfaces. More recent-
ly, these conjectural cell shapes have been confirmed
by scanning electron microscopy [8, 9], and it now
may be assumed that the channels between interdigi-
tating lateral processes of adjacent proximal tubule
cells are not tortuous in the apex-to-base direction.
In other words, the length of intercellular channels in
the apex-to-base direction is approximately equal to
the apex-to-base height of the cells, and the large
lateral wall surface areas are made possible by a
process of extensive lateral interdigitation. While
comparable information is not available for TALH
cells, similar conclusions may be justified for that
segment as well. For example, a pattern of smooth
channels running perpendicular to basement mem-
brane or forming smooth arcades would be consis-
tent with the conclusion that intercellular channels in
TALH also are not tortuous. Such patterns of inter-
cellular channels were observed frequently in the
present study of rabbit TALH and have been shown
clearly in previous studies of rat TALH [10, 11].
If intercellular channels on the average are orient-
ed perpendicular to basement membrane and are not
tortuous, one may divide the lateral wall areas/mm!
zone by the height (apex to base) of each zone to
obtain the average length/mni!zone of radially orient-
ed lateral cell wall surfaces. In the most luminal
zone, Z1, this length would be approximately twice
that of the tight junction complex (zona occludens)
formed by the fusion of two lateral cell membranes.
In published scanning electron micrographs of the
luminal surface of rat TALH [111!, there appears to
be approximately 6 cells per tubule circumference,
and all cells appear to be similar in size and shape
and to be maximally packed in hexagonal array. The
finding of 3 to 6 nuclear outlines in transverse thin
sections of rabbit TALH and the cellular outlines
occasionally observed here during in vitro perfusion
of rabbit TALH are consistent with similar conclu-
sions. Thus, each cell in a rabbit TALH of I.D. =
25p. may be assumed to be approximately 7.85t
across at the lumen, such that there would be 764
cells/mm of tubule length. If one now divides the
length/mm!zone values by 764, one obtains the aver-
age circumferences of individual cells as might be
measured at the midpoints of each zone. These cell
circumferences are listed in the last column of Table
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2. Because zone height in the typical TALH is taken
to be Its, lateral wall areas/zone/cell and cell circum-
ferences are numerically the same, the former having
units of 112 and the latter having units of s.
Cell shape. The rapid increase in cell circumfer-
ences in successive cellular zones indicates that
TALH cells are approximately in the shape of trun-
cated horns. In no plane parallel to the lumen or
basement membrane, however, may the cells be vis-
ualized as simple geometric shapes. For example, if
each cell of a typical TALH is modeled initially as a
truncated, hexagonal pyramid, the circumferences of
that cell would range approximately from 28ts in Z1
to 4lr in Z5. Compared to the cell circumferences in
Table 2, these circumferences are too small be fac-
tors of 3 and 12, respectively. Thus, each plane of the
cell must have a complex shape.
Although the exact manner in which the cell
periphery is increased over that of a hexagon is not
known, certain available information is pertinent and
the modeling of cell shape is not entirely arbitrary.
As mentioned above, the luminal surfaces of TALH
cells probably are stellate in shape, and the cells are
packed in hexagonal array. The basal surface has not
been observed directly. If the basement membrane
of rat [12] or rabbit (EVAN A: personal communica-
tion) proximal tubules is removed chemically, how-
ever, a pattern of multiple, thin, parallel cytoplasmic
process can be seen by scanning electron microsco-
py. The processes are oriented circumferentially and
are consistent with those seen by transmission elec-
tron microscopy in very superficial, "tangential"
sections [7]. It is convenient and reasonable, there-
fore, to make TALH cells have a similar basal archi-
tecture, a stellate hexagonal luminal face, and the
circumferences listed in Table 2. Other criteria to be
employed in the modeling process include those pre-
viously used for proximal tubule cell shapes [2]. The
cell should conform to a hexagon at the lumen and
have radiating processes which elongate in each suc-
cessive zone, Processes should interdigitate with
those of adjacent cells, should be maintained at a
width at least sufficient to contain mitochondria
(approximately and should not enter a central
region of the cell reserved for a spherical nucleus. To
establish a pattern of parallel processes near the
basement membrane (cellular zone 5), those process-
es which are oriented parallel to the long axis of the
tubule in more luminal zones must terminate prior to
zs.
It is clear that the criteria for modeling of cell
shape are not absolute and that a variety of shapes
might be consistent with the data in Table 2. One
such model is shown in Figure 2 where the outlines
of three symmetric and interlocking cells are depict-
ed for each of the 5 cellular zones. Each cell is
distinguished by different stippling or hatching and is
drawn to conform generally to a hexagonal back-
ground pattern at the midpoint of the successive
cellular zones. The vertical dimension of the hexa-
gons, 7.8511, is parallel to the long axis of the tubule
and is constant for all zones. The horizontal dimen-
sion of the hexagons increases with the increasing
circumference of successive zones. Cell shapes at
the midpoint of the most luminal zone, Z1, are at the
top of each series. Shapes for 4 are at the bottom.
The periphery of the top right cell in each zone
drawing was measured morphometrically and was
adjusted to be within 2% of the calculated cell cir-
cumferences. The original scale of the drawings
(prior to photographic reduction) was 0.5 cm = lts.
To obtain a three-dimensional representation of a
single TALH cell, sheets of modeling clay were
rolled to a thickness of 0.25 cm and cut to match the
outlines in Figure 2 and outlines at the margins
between successive zones. The 10 clay sheets then
were bent to the appropriate radii, stacked in
sequence, and smoothed. Photographs of the result-
ing model were the basis for the drawng in Figure 3.
In scale, that cell is 56a in height, exclusive of brush
border microvilli, and rests on a basement membrane
which is 2Sp. in diameter. Placement of the apical
microvilli is arbitrary but consistent with the periph-
eral location seen by scanning electron microscopy
in the deeper cortical TALH of rat [11]. Again, it
should be noted that this model, though quantitative-
ly accurate and consistent with the criteria listed
above, does have some arbitrary features. One such
feature is the pattern of parallel, circumferentially
oriented processes near the basement membrane. In
previous work [21, a different approach was used to
model this region of the cells in rabbit proximal
tubules. More recently published scanning electron
micrographs [121 indicate that that approach may not
have been entirely appropriate!' A definite decision
about zone 5 architecture in rabbit TALH must await
similar scanning electron microscopic studies.
Shape of intercellular channels. The lateral walls
a In Reference 2, the outlines of proximal tubule cells were based
on a concept of thin, multiple, tortuous processes at the cell base
and incorporated transverse pleating or wringling in 4 processes.
The present requirement that 4 processes be parallel and circum-
ferentially oriented would require a simple modification of Figures
2, 3, and 4 in that paper.
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Fig. 2. Outline of three laterally interdigitating TALH cells in a
plane parallel to the basement membrane. The top drawing is at
the midpoint of the most luminal zone, Z1. The bottom drawing is
at Z5, near the basement membrane. The dimensions of the back-
ground hexagons are based on maximum, hexagonal packing of 6
cells per tubule circumference. The vertical dimension 7.85 is
parallel to the long axis of the tubule and is consistent in all zones.
The horizontal dimension increases with zone circumference.
of adjacent cells are separated by a small and rela-
tively constant distance. This intercellular space con-
stitutes the lateral intercellular channel. The channel
thus has one dimension equal to the distance separat-
ing adjacent cells and another dimension which is
equal to the cell circumference and which changes
from zone to zone as shown in Table 2. In the
absence of detailed examinations either here or else-
where, the distance separating cells in TALH is
assumed to be approximately 300 A, as found in
rabbit proximal tubule segments [13]. Random mea-
surements of micrographs such as that in Figure 1 are
consistent with that value.
Because the cells bounding an intercellular chan-
nel are approximately in the shape of truncated
horns, the channel is comparable to the space
between concentric truncated horns whose radii dif-
fer at all points by approximately 300 A. Because
those horns also are markedly pleated in a plane
parallel to the basement membrane and have cross-
sectional shapes similar to the cell outlines in Figure
2, the average basement membrane-to-tubule lumen
dimension of a channel in TALH is approximately
equal to the average TALH cell height of 5 p.
Comparison of TALH and proximal tubule mor-
phology. Differences between proximal convoluted
tubules (PCT), proximal straight tubules (PST), and
TALH are apparent even at relatively low magnifica-
tion [2]. For example, the dimensions of a typical
TALH are approximately I.D. = l5t, O.D. = 251tt,
while those of PCT and PST are I.D. = 251L, O.D. =
401L. PCT and PST both have prominent brush bor-
der, while apical microvilli in TALH are relatively
sparse in the samples studied here.
From the morphometric data accumulated from
electron micrographs, it is seen that total lateral cell
wall surface area in TALH is approximately 30%
that in typical proximal segments (apical surface area
= lateral surface area = 29.5 x 105t2/mm of PCT;
apical = lateral = 22.2 x l05t2/mm of PST). Further-
more, while the ratios of apical to lateral surface
areas in PCT and PST are unity because of the very
well developed brush border in those segments,
TALH segments have little brush border, and the
apical/lateral ratio is only 0.1 (apical = 0.8 x 1051L2/
mm of TALH; lateral = 7.0 x 105p.2/mm of TALH).
Differences in shape among these cells also are
apparent by reference to Figure 4. Shown there is a
logarithmic plot of cell circumferences in each cellu-
Jar zone versus distance from the apical cell surface.
While the actual values for cell circumference (and
thus the vertical positioning of the curves) are based
on an unconfirmed number of cells per mm of tubule
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Fig. 3. Three-dimensional representation of a single TALH cell resting on a basement
membrane LSp. in diameter. The long cell processes extending to the left and right are oriented
circumferentially in the tubule. In scale, the cell is 5 in height.
1.5 3.0 4.5 6.0
Distance from apical cell surface, p
Fig. 4. Semi-logarithmic plots of cell circumference vs. radial
distance from apical cell surface in rabbit thick ascending limb of
Henle (TALH, squares), proximal convoluted tubule (PCT, cir-
cles), and proximal straight tubule (PST, triangles).
length and thus are subject to minor adjustments, the
shape of the three curves is precise.
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